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INTRODUCTION
The soil environment is highly heterogeneous with sporadic availability of easily degradable energy resources for the soil inhabiting microbial community. The ability to access these spatially distributed resources may contribute to the success of microbial species within the soil environment. Some bacterial species are able to actively move towards energy resources and have evolved a variety of different motility mechanisms, often relying on flagellar movement, while others rely on passive dispersal via water flow or passing invertebrates. Soil hydration status is a major factor determining bacterial colonization of new habitats, as both passive and active motility depend on the presence of water-filled pores or water films covering the surfaces of solid particles (Abuashour et al. 1994; Jiang, Noonan and Ratecliffe 2006; Dechesne et al. 2010b) .
Despite the obvious importance of soil structure and water content for bacterial movement, most studies that have examined the motility of soil-borne bacteria have not taken these factors into account. Active bacterial motility is typically investigated on agar plates (Harshey 2003; Wang et al. 2004; Caiazza, Shanks and O'Toole 2005) or on sterile, porous ceramic surfaces, either by using experimental (Dechesne et al. 2010a) or modeling approaches (Long and Or 2009) . Although such studies have provided valuable insight into the mechanisms of bacterial movement, they are highly artificial and do not mimic the in situ conditions of the soil environment. Studies that follow the fate of specific bacterial populations (e.g. genetically modified or pathogens) in soil (Trevors et al. 1990; van Elsas, Trevors and van Overbeek 1991; Huysman and Verstraete 1993; Abuashour et al. 1994) are generally conducted under the assumption that bacteria are passively translocated, without consideration of active motility. Furthermore, previous studies have focused solely on tracking individual strains, without taking community processes such as microbial interactions into account. Nevertheless, it is known that microbial interactions can have pivotal influences on bacterial motility phenotypes (Garbeva and de Boer 2009) . Following the movement of indigenous microorganisms in natural soils is very challenging because unlike introduced microorganism, they cannot be tracked by tagging.
To avoid the limitations of gel assays, the current study utilizes a quartz sand microcosm system that mimics important soil features. This system is well defined, easy to manipulate and allows one to investigate bacterial colonization potential in a community context (Wolf et al. 2013) . In the present study, we first examined the movement of two individual model soil bacterial strains, P. fluorescens strain Pf0-1 and C. fungivorans strain Ter331, in sand microcosms. These initial experiments were performed in order to examine the influence of substrate availability on bacterial expansion and to determine suitable conditions for subsequent inoculation of microcosms with a complex bacterial community. In the complex community experiment, total bacterial community expansion over time was followed by quantitative PCR, and bacterial community structure was determined as a function of distance from point of inoculation by high-throughput pyrosequencing of bacterial 16S rRNA gene fragments. Using this approach, we could identify the bacterial taxa most successful in colonizing new (micro-) habitats, thereby gaining insight into patterns of microbial habitat (re-) colonization.
METHODS

Single-strain inoculation experiments
In order to examine the impact of substrate availability on bacterial expansion and to determine suitable conditions for the community experiment, we tested the expansion of two single-soil bacterial strains, Pseudomonas fluorescens strain Pf0-1 (Compeau et al. 1988) and Collimonas fungivorans strain Ter331 (de Boer et al. 2004) , under different nutrient levels. Strains were inoculated in the center of sand microcosms and sampling was conducted at different distances from the inoculation point at different time points (see below). These strains were chosen as representatives of bacterial genera well known to be able to colonize roots and/or fungal hyphae in a soil environment (Lugtenberg and Dekkers 2001; de Boer et al. 2004; Kamilova, Leveau and Lugtenberg 2007) and were both known to possess flagella. Both strains were pre-grown overnight, individually, in liquid 10% tryptic soy broth (TSB), washed in 10 mM MES (morpholineethanesulfonic acid) buffer (pH 5.8) containing 1 g L −1 KH 2 PO 4 and 1 g L −1
(NH 4 ) 2 SO 4 . Microcosms were established in glass petri dishes (diameter 9 cm) containing 50 g acid-washed sea sand (Honeywell Specialty Chemicals Seelze GmbH, Seelze, Germany) sterilized by autoclaving and oven drying. See Table S1 (Supporting Information) for the particle size distribution of sand substrate used in our study. The moisture content was adjusted to 7.5% (w/w), which corresponds to 30% of the water holding capacity, by adding the appropriate volume of liquid growth medium (either 10% or 1% TSB, pH 5.8). Microcosms were inoculated with 5 μL bacterial suspension at the center of the petri dish, sealed with parafilm, incubated at 20
• C and sampled after 7, 24 and 48 h with a multipronged sampling device as described by Wolf et al. (2013) , which provides samples at 2 mm intervals.
Experimental design and sampling for complex soil community experiments
Microcosms were established as described in the previous section, adjusted to 7.5% moisture (w/w) with 1% TSB and inoculated at the center of the petri dish with 5 μL soil suspension (4 replicates per time point 
DNA isolation, quantitative PCR and high-throughput pyrosequencing
For each sand sample (about 0.3 g; 2 time points × 5 distances × 4 replicates), total DNA was extracted using the MOBIO PowerSoil DNA Isolation Kit following the manufacturer's protocol with the modification of heating the sample to 60
• C for 10 min after the addition of solution C1, and the adding of 100 μL each of solutions C2 and C3 simultaneously.
To estimate bacterial density after 24 and 48 h across the sampling transect, we determined 16S rRNA gene copy numbers as a proxy of cell numbers via a quantitative real-time PCR (qPCR) approach. Briefly, 5 μL DNA template (which represented 1.0-27.0 ng template per reaction) was added to a master mix consisting of 12.5 μL SYBR green mix (GC Biotech), 2.5 μL BSA (4 mg mL −1 ) and 2.3 μL MilliQ water. To this, 1.25 μL (5 pmol μL −1 ) each of the Eub338 (forward) and Eub518 (reverse) primers were added (Lane 1991) . qPCR calibration curves (gene copy number versus the cycle number at which the fluorescence intensity reached the set threshold cycle value) were obtained using serial dilutions of pure culture genomic DNA carrying a single 16S rRNA gene sequence (strain = unidentified bacterium of the phylum Verrucomicrobia, eight calibration points ranging from 1 to 4171 775 copies μL −1 ). In order for a reaction to be judged as positive, the recorded CT value had to deviate by more than two units as compared to the no DNA control, yielding a detection limit of 2.0 × 10 3 copies per gram sand. All reactions were performed in duplicate. The qPCR was carried out in a Rotor-Gene Q (Qiagen, Venlo, the Netherlands). The PCR cycling conditions included 45 cycles of 5 s at 95
• C, 10 s at 53
• C and 20 s at 72
• C. Fluorescence data were recorded at the end of each 72 • C step. DNA dissociation profiles were subsequently run from 72 to 95
• C with a ramp of 5 s at 1 • C to confirm product integrity.
For pyrosequencing, the V4 region of the 16S rRNA gene was amplified from the extracted DNA using composite forward and reverse primers, consisting of primer A from 454 life sciences, a 10-base sample-specific barcode, a linker sequence GT and primer 515f and primer B from 454 Life Sciences, a 10-base sample-specific barcode, linker sequence GG and the primer 806r (Vos et al. 2012) . Each sample and replicate received a unique barcode sequence. PCR amplifications were performed using 2.5 μL PCR buffer, 2.5 μL dNTP mix (2 mM), 0.2 μL FastStart DNA polymerase, 1 μL forward primer (5 uM), 1 μL reverse primer (5 uM), 1 μL DNA template (representing 0.25-9.0 ng) and PCR grade H 2 O to a total volume of 25 μL. Thermal cycling (C1000 Touch TM Thermal Cycler, Bio-Rad) conditions were as follows:
5 min at 95
• C, 30 cycles of 30 s at 95
• C, 1 min at 53
• C and 1 min at 72
• C, followed by 10 min at 72 • C). The PCR products were verified by 1.5% agarose gel electrophoresis and then purified with the Qiaquick PCR Purification Kit (Qiagen, Venlo, the Netherlands). DNA concentrations were quantified using a NanoDrop 2000 Spectrophotometer (Thermo Scientific) and equal amounts of amplicon from each sample were mixed together and subjected to 454 sequencing on a GS FLX Titanium 454 pyrosequencing platform (Macrogen Europe, Amsterdam, the Netherlands).
Bioinformatic and statistical analyses
Sequence data and quality information were transferred to the Galaxy interface (Goecks et al. 2010 ) using the SFF converter tool. Sequences were then demultiplexed and further analyzed with the QIIME pipeline version 1.6 (Caporaso et al. 2010b ). In the first step, sequences with a maximum of six ambiguous bases, six homopolymer runs, zero primer mismatches, a maximum of 1.5 errors in the barcode sequence and passed a quality score window of 50 were binned by barcode sequence, and barcodes were subsequently removed. Further, the DENOISER algorithm version 1.6.0 was used to correct for sequencing errors, and chimeras were removed by USEARCH (Edgar 2010 ). Sequences were then aligned by PyNAST (Caporaso et al. 2010a) and UCLUST (Edgar 2010 ) and assigned to OTUs (operational taxonomical units), using a minimum sequence identity cutoff of 97%. From all OTU clusters, the most abundant sequence was selected as a representative for taxonomy assignment by using the SILVA database (release 108 SSU) with a minimum identity value of 75%. Samples from distance 5 after 48 h of incubation were excluded from the analysis because PCR amplification was 
Identification of dominant colony form in expansion zones
In order to isolate the most abundant OTU from the motility zones of the microcosms, we suspended 0.3 g sand samples (see above) of distances 1 and 2 in 1 mL MES-buffer and plated 50 μL of these suspensions in a dilution series from 1:10 to 1:1000 on 10% TSB agar plates. At the highest dilutions (1:100 and 1:1000) only one colony type was found. This colony form possessed the typical yellow color and morphology of Pantoea bacteria. After picking and streaking to ensure purity, examples were subjected to colony PCR using the primers 27f and 1492r (Weisburg et al. 1991) with the following reagents and settings: 18.14 μL H 2 O, 2.5 μL 10 × PCR-buffer containing 2 mM MgCl 2 (Roche Scientific, Woerden, the Netherlands), 0.2 mM of each dNTP (Roche Scientific, Woerden, the Netherlands) and 0.4 μM of each primer, 1 U FastStart High Fidelity Polymerase (Roche Scientific, Woerden, the Netherlands) and 1 μL template. Cycling conditions consisted of a pre-denaturation step of 10 min at 95
• for 10 min. The PCR product was examined by a standard (1.5%) agarose electrophoresis and the full length was subsequently Sanger sequenced by Macrogen (Amsterdam, the Netherlands). The resulting sequence has been deposited in Genbank under accession number KJ748375.
RESULTS
Single-strain inoculation experiments
After 7 h, C. fungivorans Ter331 had moved a distance of 14 mm in sand microcosms at both nutrient levels (1% and 10% TSB). After 24 and 48 h, we could observe significant differences (P < 0.05) in movement between 1% TSB (average ∼28 and ∼40 mm, respectively) and 10% TSB (average ∼12 and ∼24 mm, respectively) (Fig. 1 ). An opposite pattern was observed for P. fluorescens Pf0-1, which moved faster at higher nutrient levels (Fig. 1) . Pseudomonas fluorescens Pf0-1 had already colonized almost the entire microcosm at 7 h at 10% TSB, but not at 1% TSB. The lower nutrient level was therefore chosen for subsequent experiments, because it provided the appropriate range of expansion in the microcosm setup and was more representative of the nutrient poor conditions that are typical for most soils. We chose sampling times of 24 and 48 h, as this provided information on the rate of colonization during the period required for full expansion throughout the microcosm. 
Tracking total bacterial community expansion by qPCR
After 24 h, we found on average 7.9 × 10 3 16S rRNA gene copies per gram sand at distance 1 (0.5-1.5 cm from the microcosm center) and 2.8 × 10 3 at distance 2 (1.5-2.5 cm from the microcosm center). At distances 3-5 (2.5-5.5 cm from the microcosm center), bacterial gene copy numbers were below the level of detection. At 48 h, there were on average 5.7 × 10 6 bacterial ribosomal gene copies at distance 1, 4.4 × 10 6 at distance 2, 1.6 × 10 6 at distance 3, 2.5 × 10 5 at distance 4 and 4.8 × 10 3 at distance 5 (Fig. 2) .
Thus, the expansion of bacteria was about 0.5-1.5 cm after 24 h, whereas after 48 h, nearly the whole sand microcosm was colonized.
Tracking community expansion via 16S rRNA gene pyrosequencing
Pyrosequencing of the V4 region of bacterial small subunit (16S) ribosomal RNA genes was performed for samples taken at 48 h, where bacteria were found to be present at all sample distances from the inoculation center. Pyrosequencing yielded 112 198 reads that could be classified to the kingdom bacteria. The obtained reads were grouped into a total of 199 OTUs. Read distribution varied substantially among samples (Table 1 and 2), and Table 2 . Relative abundance of OTUs assigned to different taxa in the soil bacterial inoculum that was added to the center of sand microcosms (distance = 0) and in sampling spots at distances 1 to 4, that were colonized after 48 h. Two replicates for the inoculum (1 and 2) and 3 replicates (E, G and H) for the further distances are shown. Table 1 ). Each bar depicts the average of three replicate samples.
since samples belonging to replicate F only yielded between 0 and 108 reads in total, we decided to exclude all samples from this replicate from further analyses. Distance 5 from replicate H was also excluded because we could not obtain replicated data for that distance. The spatial distribution of the four most abundant bacterial OTUs that had expanded from the center inoculation spot during 48 h is given in Fig. 3 (average of all microcosms) and in Fig. S2 (Supporting Information; individual microcosms) . A single OTU that could be classified within the Enterobacteriaceae increased strongly in relative abundance with increasing distance from the point of inoculation (from 3.5% relative abundance in the inoculum to, 73, 81, 99 and 99% at distances 1 to 4, respectively).
At distances 1 and 2, other bacteria were detected in variable abundances in addition to the Enterobacteriaceae, and these include members of the genera Pseudomonas, Massilia and Undibacterium (Fig. S2, Supporting Information) . At distances further away from the point of inoculation (3 and 4), the bacterial community was consistently dominated by apparently fast moving Enterobacteriaceae in all replicates (98.6 and 98.8% relative abundance on average, respectively). Based upon isolation and characterization, this dominant expanding population could be tentatively identified as Pantoea agglomerans, and it indeed proved to be highly motile (not shown).
Bacterial diversity calculated using the Shannon-Wiener index was found to be much greater in the microbial inoculum spot (H = 2.9 ± 0.54) than in the zones occupied by colonizing bacteria (P ≤ 0.05) ( Table 1) . Diversity indices significantly decreased with increasing distance from the central inoculum spot (Fig. 4 and Table 1 ). 'Given the variation in read numbers between samples, diversity indices were also calculated using only samples for which >1000 reads were recovered, yielding the same inverse relationship between distance from point of inoculation and diversity (not shown). Since the inclusion of moderately low-read samples provided a greater level of replication, these data are presented (Fig. 4 and Table 1 ).' 
DISCUSSION
In this study, we examined the expansion of two model bacterial strains in sand under different nutrient conditions and identified the bacterial taxa from soil communities that were most successful in colonizing new soil habitats in a short time of 48 h. In single-strain inoculation experiments, we observed contrasting patterns of expansion in response to nutrient loads. Collimonas fungivorans Ter331 exhibited greater expansion at lower nutrient levels, whereas P. fluorescens Pf0-1 moved faster at higher nutrient levels. Thus, the impact of nutrient levels on bacterial motility in our microcosm setup was strain dependent.
Results of the complex community experiment showed that only a small radius around the inoculation zone was initially colonized and that bacterial cell numbers remained low in the newly inhabited zones (Fig. 1) . At 48 h, the whole dimension of the microcosm was colonized, with cell densities declining with increasing distance from the inoculation zone (Fig. 1) . Not only did cell densities decrease with increasing distance from the inoculation zone, bacterial diversity was also highest close to the inoculation zone and decreased with distance from that point. To our knowledge, this is the first study that examines the movement of bacteria within a complex natural community under conditions that resemble natural soil environments (i.e. a soil-like matrix with low nutrient conditions and relatively low moisture content). Natural soil conditions would clearly differ from those represented by our microcosm system both in terms of complexity and the availability of sterile soil habitats. However, our sand microcosm system allowed us to maintain controlled environmental conditions, while providing a reasonable approximation of soil conditions as experienced in the original sandy soil from which the inoculum was isolated. The highly selective nature of bacterial expansion and the non-linear nature of expansion (far fewer bacterial cells after 24 h than 48 h, Fig. 2 ) makes it probable that we observed active movement in combination with growth, rather than mere passive diffusion as may occur under higher moisture conditions over shorter distances (Wertz et al. 2007) . Our experimental design did not allow us to decipher the relative importance of immigration versus growth in the development of populations in newly colonized zone, but it should be stressed that our ultimate goal was not necessarily to identify fast movers, but rather to track colonization patterns. It should also be noted that different soils and their resident communities may differ in their patterns of colonization, and future studies are therefore needed to examine the generality of our findings.
Based upon sequence recovery by high-throughput pyrosequencing, bacteria belonging to the genera Undibacterium, Pseudomonas and Massilia, and especially the family of Enterobacteriaceae, were most successful in expanding through the sandy microcosm habitat (Fig. 3 and Fig. S2 , Supporting Information). Relative recovery of sequences from these bacteria increased sharply with distance from the inoculation zone, whereas many other taxa found in the original inoculum were no longer detected in samples more distant from the point of inoculation. The bacterial genera that were most frequently detected at the more distant sample locations are all known to possess flagella and are often abundant in the rhizosphere and on plant roots (Lugtenberg and Dekkers 2001; Chunga et al. 2005; Ofek, Hadar and Minz 2012) .
Interestingly, the most dominant member of the mobile community by far was an OTU belonging to the family Enterobacteriaceae (γ -Proteobacteria). The family of Enterobacteriaceae is commonly associated with eukaryotic hosts and motility has indeed been suggested as an important factor explaining the abundance of Enterobacteriaceae in bovine feedlot soil.
Bacterial motility is of importance to re-colonization of soils. For instance, strong and sudden disturbances may result in a drastic reduction of biomass (Postma, van Veen and Walter 1989) and even sterilization, e.g. in the event of a forest fire (PrietoFernandez, Acea and Carballas 1998; Neary et al. 1999) . Motile microorganisms, obviously, have an advantage in re-colonizing disturbed soils or soils with low biomass, especially in the early stages of re-colonization, as they are the first to reach these habitats. This may be of particular importance in microbial succession, given the fact that priority effects are often important in determining the success of bacterial populations when attempting to invade new territories (Remus-Emsermann, Kowalchuk and Leveau 2013). Microbial re-colonization might be an essential mechanism that helps to stabilize functional redundancy, and therefore an important parameter when considering the restoration of disturbed (microbial) soil systems (Bodelier 2011) . Identifying the (most) motile strains thus holds potential to predict and control re-colonization succession of sterilized soils or soils of reduced microbial biomass. It is interesting to note that Enterobacteriaceae only represent a small fraction of the total soil community of the soil used in our study. Thus, advantages gained due to high mobility would be expected to be transient in nature, with other less motile populations displacing early colonizer over time.
Studies on bacterial movement in soil-like systems are scarce. Wertz et al. (2007) investigated bacterial movement from soil into nearly water-saturated sterile soil clods over relatively long time periods (2, 8 and 14 days). Unfortunately, because of the high moisture, the authors could not distinguish between active and passive movement. Additionally, the bacteria that we able to disperse over the shortest time period (2 days) were not identified and movement distance was only monitored over 2 cm. Nevertheless, the authors detected a drastic community shift and a reduction of diversity when comparing the bacterial community that had moved after 2 days to the community at 8/14 days. Among the dominant colonizers at the latter time point, they reported C. fungivorans Ter331 and bacteria from the genus Burkholderia. Interestingly, these motile bacteria (Leveau, Uroz and de Boer 2010) are related to the expanding Oxalobacteriaceae detected in our study. When comparing both studies it becomes apparent that Oxalobacteriaceae might be 'followers' of the quickly moving Enterobacteriaceae.
Any assertions with respect to mechanisms of community succession remain premature, but such patterns would be expected to involve both facilitation and inhibition. Future studies will be necessary to examine the rules and mechanisms that govern the succession of microbial communities in the colonization of soil habitats. Further additional research priorities would include examination of how other biotic and abiotic soil features, such as pH, soil texture and disturbance, impact relative mobility and the presented microcosm system might be ideal for such future examinations (Wolf et al. 2013) .
